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Abstract
In renal proximal brush borders the Na/Pi cotransporter
NaPi-IIa is part of a heteromultimeric complex including
the PDZ proteins PDZK1 and NHERF1, which interact
with the C terminus of NaPi-IIa. In this study, a yeast two-
hybrid screen against the N terminus of the Na/Pi cotran-
sporter NaPi-IIa was performed. Thereby we identified
visinin-like protein-3 (VILIP-3), a member of neuronal cal-
cium sensors. In this study, expression and protein local-
ization of VILIP-3 in the mouse kidney was performed by
immunofluorescence and RT-PCR using laser-assisted
microdissected nephron segments. VILIP-3 was found to
be abundant in distal and collecting ducts where it partly
colocalized with calbindin D28K. In addition VILIP-3 was
observed in the brush borders of proximal tubular S1
and S3 segments of both superficial and deep neph-
rons.
Copyright © 2003 S. Karger AG, Basel
Introduction
Renal reabsorption of inorganic phosphate (Pi) is a key
element in body Pi homeostasis. Thereby, proximal tubu-
lar brush border membrane sodium-phosphate (Na/Pi)
cotransport, via the type-IIa Na/Pi cotransporter, is the
rate-limiting step and the target of physiological/patho-
physiological alterations [1, 2; for review see 3].
Yeast two-hybrid as well as biochemical studies sug-
gested that the carboxy terminus of the NaPi-IIa cotran-
sporter can interact with specific PDZ modules of
NHERF-1 and PDZK1, which themselves associate with
either regulatory or cytoskeletal proteins, or other brush
border membrane constituents [4–10]. As for the amino
terminal tail of NaPi-IIa, we provided evidence for an
interaction with MAP17, a small brush border mem-
brane-associated protein [11]. This interaction seemed to
be rather weak and may require additional stabilization
via PDZ interaction with PDZK1.
In the present study we have identified visinin-like
protein-3 (VILIP-3) as an interaction partner of NaPi-IIa
by a yeast two-hybrid screen using the amino terminal
part of the cotransporter as a bait. In order to further char-
acterize the functional implications of the observed inter-
action, we describe for the first time the detailed renal
localization of VILIP-3.
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Experimental Procedures
Yeast Two-Hybrid Screens and Trap Assays
A whole mouse kidney cDNA library (MATCHMAKER, Clone-
tech) was screened against the entire N terminus (Nt; amino acids
1–109) of the NaPi-IIa cotransporter (Acc. No. AAC52361), as
described in detail by Gisler et al. [5] and Pribanic et al. [11]. Several
yeast two-hybrid trap assays, confirming the specificity of protein
interactions with the NaPi-IIa Nt, were undertaken thereafter. For
that purpose, carboxy terminal tail (Ct) as well as the proposed third
intracellular loop (ICL-3, amino acids 486–511) [12] of NaPi-IIa
were used as bait and tested for interaction. Bait construct of NaPi-
IIa Ct was used as described by Gisler et al. [5]; the 3rd ICL of NaPi-
IIa was inserted into vector pBTM116, with three glycines intro-
duced N-terminally.
Immunofluorescence and Western Blots
Immunofluorescence was performed on adult male mouse
(NMRI) kidneys as described [13]. All animals used were kept on a
standard diet with free access to tap water. Briefly, 5-Ìm thick cryo-
sections were incubated with the following primary antibodies: either
affinity purified or non-purified rabbit anti-rat VILIP-3 (1:500) [14],
mouse anti-calbindin D28K (1:10,000, Swant, Switzerland). Prior to
immunostaining with the anti-VILIP-3 antibody, some sections were
treated with 1% SDS for 10 min at room temperature [15]. Binding
sites of the primary antibodies were revealed with Cy3-conjugated
donkey anti-rabbit (1:1,000 for VILIP-3), or FITC-conjugated goat
anti-mouse (1:40 for calbindin D28K). The secondary antibodies
were from Jackson Immuno Research Laboratories (West Grove,
Pa., USA).
For detection by Western blotting, 50 Ìg of purified mouse proxi-
mal tubular brush border membranes [16] were separated by 12%
SDS-PAGE gels, transferred to nitrocellulose membranes and pro-
cessed as previously described [17]. The blots were incubated over-
night at 4°C with primary antibodies (VILIP-3 or NaPi-IIa [17],
both 1:3,000) and subsequently with secondary HRP-coupled IgGs
(Amersham Pharmacia Biotech). Immunoreactivity was visualized
by enhanced chemiluminescence (Pierce). Specific antigen-blocked
anti-NaPi-IIa [17] and anti-VILIP-3 [14] gave no significant signal in
control experiments.
Laser Microdissection and Real-Time PCR
Kidneys of 3 adult male mice (NMRI) were snap frozen in liquid
nitrogen and 6-Ìm thick sections were cut on a cryostat and mounted
on polyethylene membrane slides (Molecular Machines & Industries,
Zürich, Switzerland) and processed as described (Madjdpour et al.,
submitted). S1 and S3 segments of both superficial and juxtamedul-
lary nephrons and distal tubules were identified by phase-contrast
microscopy. A total area corresponding to 100,000 Ìm2 (B 1%) was
microdissected for each sample.
RNA was extracted using the Absolutely RNATM Nanoprep Kit
(Stratagene, Europe) following the manufacturer’s instructions. First-
strand cDNA synthesis in a reaction volume of 50 Ìl was made from
total RNA using TaqMan Reverse Transcription Reagents (Applied
Biosystems, Rotkreuz, Switzerland) with random hexamers exactly
according to the reverse transcription protocol (http://home.applied-
biosystems.com).
Relative quantitation of VILIP-3 mRNA was done using the ABI
PRISM 7700 Sequence Detection System (Applied Biosystems) with
ß-actin as an internal standard. The sequences of TaqMan probes
(Applied Biosystems, for VILIP-3, and Biosearch Technologies, No-
vato, Calif., USA, for ß-actin) and primers (Applied Biosystems, for
VILIP-3 and Microsynth, Balgach, Switzerland, for ß-actin) were
as follows: 5)-(FAM) CAATGATGGCAAACTG (MGB/NFQ)-3)
(probe), 5)-TCTTCAGGCAGATGGACACAAA-3) (forward), 5)-
TTGGCACCTTTGATGAATTCTTC-3) (reverse) for VILIP-3 and
5)-(6-FAM) CCATGAAGATCAAGATCATTGCTCCTCCT (BHQ-
1)-3) (probe), 5)-GACAGGATGCAGAAGGAGATTACTG-3) (for-
ward), 5)-CCACCGATCCACACAGAGTACTT-3) (reverse) for ß-
actin. For both genes primer concentrations were 900 nM, and the
probe concentration was 250 nM. TaqMan probes were chosen to be
located across exon-exon boundaries to exclude any amplification of
genomic DNA. PCR was performed using TaqMan Universal PCR
Master Mix (Applied Biosystems), with a reaction volume of 25 Ìl.
Reaction conditions were 2 min at 50°C (uracil-N-glycosylase incu-
bation), 10 min at 95°C (activation of AmpliTaq Gold DNA poly-
merase) followed by 45 cycles of amplification (95°C for 15 s and
60°C for 1 min). The expression of VILIP-3 and ß-actin was quanti-
tated in separate wells with the respective probe and primers. Rela-
tive VILIP-3 expression was calculated with the comparative CT
method according to user bulletin No. 2 of the ABI PRISM 7700
Sequence Detection System (available for download at http://
home.appliedbiosystems.com).
Results
In a yeast two-hybrid screen of a whole mouse kidney
cDNA library, using the amino terminal tail of the NaPi
cotransporter NaPi-IIa as bait, two clones with a 100%
identity to ‘visinin-like protein-3’ (VILIP-3),‘neuronal vi-
sinin-like 3’ (NVP-3) and ‘hippocalcin-like 1’ (Acc. No.
NP-057886), were identified. As in yeast trap assays per-
formed with the carboxy terminus or with a cytoplasmic
domain (ICL-3) [12] of NaPi-IIa we could not observe any
interactions (data not shown), we concluded that the
interaction of VILIP-3 with the N terminus of NaPi-IIa as
observed in yeast was specific.
VILIP-3 was originally described as a member of the
VILIP subfamily, and belongs to neuronal calcium sen-
sors (NCS) [14, 18]. Previous studies demonstrated that
VILIP-3 is most abundantly expressed in cerebellum, and
plays a putative role in intracellular signal transduction
[14, 18–20]. Although VILIP-3 was reported to be weakly
expressed in the Western blot of a kidney homogenate
[14], its detailed renal distribution has not been investi-
gated so far. This prompted us to perform a more detailed
study on the renal expression of VILIP-3.
By immunofluorescence, VILIP-3 was observed in
proximal and distal tubular segments as well as in glomer-
uli (fig. 1, 2). Overall, no evidence for an intra- or inter-
nephron heterogeneity for VILIP-3 was documented
(data not shown). In cryosections, which were not pre-
treated with 1% SDS (fig. 1), intense VILIP-3 immuno-
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Fig. 1. Immunohistochemical detection of
VILIP-3 protein in mouse kidney. Overview
picture of mouse kidney cryosections stained
for VILIP-3 (a, c) and calbindin D28K
(CB28k; b, d), without SDS pretreatment.
VILIP-3-specific immunostaining was de-
tected in the distal nephrons (D), thick as-
cending limbs (T), connecting tubules (CN)
and collecting ducts (CD), as well as in glo-
meruli (G). A weak signal could also be
observed in the apical pole of proximal tu-
bules (P). VILIP-3 colocalization with cal-
bindin D28K was seen in the distal tubules,
connecting tubules and collecting ducts.
MD = Macula densa; V = vein.
staining was seen along the distal nephrons, including the
thick ascending limbs, connecting tubules, and collecting
ducts (fig. 1a, c). In proximal tubules a weak signal was
observed at the apical pole. Consecutive cryosections
were also immunostained for the calcium-binding protein
calbindin D28K. Colocalization of calbindin D28K was
observed in distal tubules, connecting tubules and collect-
ing ducts but not in proximal tubules (fig. 1b, d).
In order to document the cellular localization of VIL-
IP-3 in proximal tubules in more detail, cryosections were
treated with 1% SDS (antigen retrieval) prior to the incu-
bation with the primary antibody. Most interestingly, in
contrast to distal tubules where VILIP-3 was diffusely dis-
tributed throughout the cytoplasm (fig. 2a), in proximal
tubules VILIP-3 immunoreactivity was observed at the
apical pole (fig. 2a) and was associated with the brush bor-
ders (compare fig. 2c with 2d). Brush border localization
observed by immunofluorescence was verified by West-
ern blots using isolated proximal tubular brush border
membranes. In these membranes, which also contained
NaPi-IIa [17], VILIP-3 was detected as a single band at
22 kD (fig. 3).
Expression of VILIP-3 mRNA was analyzed in S1 and
S3 proximal tubular segments of superficial and juxtame-
dullary nephrons and distal tubules which were obtained
by laser-assisted microdissection. Real-time PCR clearly
showed the presence of VILIP-3 mRNA in all of the iso-
lated segments (fig. 4a, b). The relative comparison of
VILIP3 mRNA to the content of ß-actin mRNA demon-
strated that no significant differences in the abundance of
VILIP-3 mRNA existed between the different proximal
tubular segments. It is of note that for ß-actin almost iden-
tical Ct values were obtained in all proximal tubular seg-
ments. In distal tubular segments, similar abundance of
VILIP-3 mRNA as in proximal tubules was observed.
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Fig. 2. Immunohistochemical detection of
VILIP-3 protein after SDS pretreatment. Af-
ter pretreatment with 1% SDS, VILIP-3-spe-
cific signal was detectable at the apical pole
of proximal tubuli (a). Higher magnification
(c) and differential interference contrast (d)
show clear brush border membrane localiza-
tion of VILIP-3. In contrast to the proximal
tubular localization, in distal tubuli VILIP-3
was distributed cytoplasmatically (c, d).
Cryosections incubated with the secondary
antibody alone are shown in b. G = Glomer-
ulus; P = proximal tubule; D = distal tubule;
CN = connecting tubule; DIC = differential
interference contrast; 2° Ab = treatment
with the secondary antibody alone.
Fig. 3. Immunoblot for VILIP-3-purified
mouse proximal tubular brush border mem-
branes were separated by SDS-gel electro-
phoresis and immunoblotted for the NaPi
cotransporter NaPi-IIa and VILIP-3.
100
75
50
37
25
NaPi-IIa
VILIP-3
kD
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Fig. 4. Expression of VILIP-3 mRNA in proximal and distal tubules of mouse kidney. a Representative real-time
PCR amplification curves for VILIP-3 and ß-actin of a deep S1 sample. Each sample was analyzed in triplicate. b S1
and S3 segments of superficial and juxtamedullary nephrons and distal tubules were isolated by laser-assisted micro-
dissection. Relative quantification of VILIP-3 mRNA was performed by real-time PCR with ß-actin as a housekeep-
ing gene. In all samples tested, the Ct values for ß-actin were not statistically different.
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Discussion
VILIP-3 was identified based on a yeast two-hybrid
screen performed against the amino terminus of the Na/Pi
cotransporter NaPi-IIa. This interaction was specific as in
yeast two-hybrid trap assays no interactions were ob-
served with either the cytoplasmatically oriented carboxy
terminus or with the supposed cytoplasmic third intracel-
lular loop of NaPi-IIa.
VILIP-3, a member of NCS, has until now been the
least well-known protein of the whole VILIP subfamily. It
displays features such as Ca2+ binding (via an EF-hand
motif), N-terminal myristoylation, and Ca2+-dependent
membrane association [14]. These characteristics are
common for the whole NCS protein family, enabling
them to interact with the lipid bilayer of the cell mem-
brane and/or target proteins [14, 21, 22]. Although VILIP-
3 has not been assigned a physiological function yet, it is
speculated that it might play a role in cellular signaling
pathways [20].
Here, since we found VILIP-3 as a possible NaPi-IIa
interacting protein, we focused on the renal expression of
VILIP-3 which has not been previously addressed. Strong
VILIP-3-mediated immunofluorescence was observed in
distal tubuli and collecting ducts and partially colocalized
with calbindin D28K. Thus a role for VILIP-3 in these
nephron segments can be envisaged as distal tubules play
an important role in the renal handling of Ca2+ [23–25].
Furthermore, VILIP-3 was localized in the brush borders
of proximal tubules where the Na/Pi cotransporter NaPi-
IIa has been demonstrated to be localized as well [17]. In
agreement, VILIP-3 was detected by Western blot in iso-
lated proximal tubular brush border membranes. In order
to confirm detection of VILIP-3 by immunological meth-
ods real-time PCR was performed with single, laser-
assisted microdissected proximal S1 and S3, as well as dis-
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tal tubular segments. In all samples tested VILIP-3
mRNA could be detected. These data thus suggest that
VILIP-3 is expressed and translated along the entire prox-
imal and in the distal tubules.
Although VILIP-3 was identified in a yeast two-hybrid
assay as one of the proteins interacting with the amino
terminal part of NaPi-IIa, for reasons not known we were
not able to confirm this interaction by applying several in
vitro assays (pull-down of NaPi-IIa from brush border
membrane using GST-fused VILIP-3, or radioactive gel
overlays; results not presented). Nevertheless, the proxi-
mal tubular apical location of VILIP-3 could suggest a
possible role of VILIP-3 in the regulation of the renal Na/
Pi cotransporter NaPi-IIa. In this regard, it is of interest
that VILIP-1, a closely related member from the VILIP
subfamily, has been shown to influence cell surface ex-
pression and/or internalization of a nicotinic acetylcho-
line receptor in the nervous system [26]. Furthermore, it
was shown that VILIP-1 associates with the actin-based
cytoskeleton in a calcium-dependent manner [20, 22] and
that it has modulatory effects on cAMP as well as cGMP
signaling [27–29]. Moreover, for VILIP-3 an effect on the
MAPK signaling was suggested [20]. Activations of PKA-,
PKC- and MAPK-signaling cascades by parathyroid hor-
mone were described to result in the internalization and
degradation of NaPi-IIa [30]. Therefore, it is tempting to
speculate on a hypothetical role of VILIP-3 in the para-
thyroid hormone-mediated internalization of the type-IIa
Na/Pi cotransporter. This remains to be addressed in the
future.
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